Aims/hypothesis Mortality due to cardiovascular disease (CVD), particularly coronary artery disease (CAD), is high in type 1 diabetic patients with end-stage renal disease (ESRD). We aimed to determine whether normoglycaemia, as achieved by successful simultaneous pancreas and kidney (SPK) transplantation, could improve long-term outcomes compared with living donor kidney-alone (LDK) transplantation. Methods We studied 486 type 1 diabetic patients with ESRD who underwent a first SPK (n = 256) or LDK (n = 230) transplant between 1983 and 2012 and were followed to the end of 2014. Data were retrieved from the Norwegian Renal Registry and hospital records. Kaplan-Meier plots and multivariate Cox regression, with correction for recipient, donor and transplant factors, were used to examine potential associations between transplant type and all-cause and CVD-and CADrelated mortality. Results Median follow-up time was 7.9 years (interquartile range 4.3, 12.9). The adjusted HR for CVD-related deaths in SPK recipients compared with LDK recipients was 0.63 (95% CI 0.40, 0.99; p = 0.047), while the HRs for all-cause and CAD-related mortality were 0.81 (95% CI 0.57, 1.16; p = 0.25) and 0.63 (95% CI 0.36, 1.12; p = 0.12), respectively. Compared with the LDK group, SPK recipients were younger and received grafts from younger donors. Cardiovascular mortality was higher in patients transplanted between 1983 and 1999 compared with those who received their grafts in subsequent years. Conclusions/interpretation In patients with type 1 diabetes and ESRD, SPK transplantation was associated with reduced long-term cardiovascular mortality compared with LDK transplantation.
Introduction
Patients with end-stage renal disease (ESRD) suffer higher rates of cardiovascular morbidity and mortality than the general population [1, 2] . Diabetes mellitus remains one of the most significant risk factors for development of ESRD [3] . For patients with ESRD, kidney transplantation is in general the treatment of choice, offering improved survival compared with continuous dialysis [4] . Cardiovascular complications and coronary artery disease (CAD) remain the predominant causes of death following successful kidney transplantation [5] [6] [7] . In patients with both type 1 diabetes and ESRD, simultaneous pancreas and kidney (SPK) transplantation has become an established treatment [8] [9] [10] . The obvious benefit of a functioning pancreas graft is normalised blood glucose control without the use of insulin, compared with consistent moderate hyperglycaemia controlled with insulin use. The question whether cardiovascular outcomes can be improved by transplanting a pancreas simultaneously with the kidney remains, however, controversial [11] [12] [13] [14] . A major obstacle when comparing outcomes following SPK vs kidney transplantation alone (KTA; from either a deceased or a living donor) in recipients with type 1 diabetes has been imbalance in risk factors between patient populations, particularly due to selection of younger patients with less comorbidity for SPK transplantation. At our centre we have promoted the use of living donor kidney (LDK) transplantation for patients with type 1 diabetes [15] . Today, 30-40% of all our kidney transplantations are from living donors; patients tend to be younger and with lower comorbidity than those selected for transplantation with a kidney from a deceased donor. Thus, they serve as a suitable comparator to recipients receiving an SPK transplant.
We investigated recipients with known type 1 diabetes and addressed the question whether long-term normoglycaemia, as achieved by successful SPK transplantation, could reduce post-transplant cardiovascular mortality when compared with LDK transplantation alone.
Methods
Patients In Norway all organ transplantations are performed at a single centre: Oslo University Hospital, Oslo, Norway. Annually we perform between 250-300 kidney and 30-40 pancreas transplantations. We analysed data from the Norwegian Renal Registry and studied medical records as an additional source to obtain more complete comorbidity data. All patients >18 years of age with type 1 diabetes (n = 486) who had a first transplantation with a combined graft (SPK, n = 256) or a kidney graft from a living donor (LDK, n = 230) from January 1983 through December 2012 were eligible. Recipients were followed for clinical outcomes to the end of 2014, i.e. minimum 2 years post engraftment. Causes of death were defined according to the European Renal AssociationEuropean Dialysis and Transplant Association (ERA-EDTA) coding systems [16] . No patient was lost to follow-up. The study was approved by the regional committee for medical and health research ethics.
Cardiac assessment prior to transplantation Since 1999, coronary angiography has been included as a routine part of the cardiac work-up of all patients with type 1 diabetes who were potential transplant recipients [17] . Before 1999, patients were screened for ischaemic heart disease with a non-invasive cardiac stress test, and, if judged clinically relevant, coronary angiography was performed. According to our transplantation protocol, we do not accept patients with an ejection fraction of less than 30%.
Evaluation of cardiovascular comorbidity prior to transplantation Cardiovascular comorbidity among SPK and LDK recipients was classified as CAD, cerebrovascular disease (CBVD) and/or peripheral artery disease (PAD). CAD was defined as coronary artery luminal diameter stenosis at or above 50% in at least one segment, using a 16-segment American Heart Association coronary artery classification, with or without revascularisation, including percutaneous coronary intervention and/or coronary artery bypass grafting, and/or having a myocardial infarction [18] . CBVD was defined as having symptoms and/or radiographic findings consistent with stroke. PAD was defined as intermittent claudication and/or need for percutaneous transluminal angioplasty in the lower extremity and/or amputation.
Surgical techniques At our centre, pancreas transplantation has been performed since 21 June 1983; initially, a ductoccluded segmental pancreas was used for transplantation [19] . From April 1988, this technique was replaced by an unoccluded pancreas graft where the exocrine secretion was drained by an anastomosis of a duodenal segment from the donor to the urinary bladder [19] . After March 1998, bladder drainage was substituted with enteric drainage through a donor-derived duodenal segment attached to the proximal jejunum [20] . Since September 2012, the duodenal part of the transplant has been anastomosed to the recipient's duodenum rather than the jejunum to obtain endoscopic biopsies from both the duodenum and pancreas allografts [21] .
Since December 2004, an increasing number of kidney transplant recipients have been subjected to minimally invasive kidney transplantation compared with previous conventional kidney transplantation [22] .
Immunosuppressive drugs The immunosuppression protocols have changed over time. In the period 1983-1999, kidney transplant recipients mainly received maintenance immunosuppression with prednisolone, ciclosporin and azathioprine. Recipients transplanted after year 2000 have in addition to maintenance immunos u p p r e s s i o n r e c e i v e d i n d u c t i o n t h e r a p y w i t h antithymocyte antiglobulin (SPK) or basiliximab (KTA). Azathioprine has been replaced by mycophenolate mofetil since the late 1990s, and patients have primarily received tacrolimus at the expense of ciclosporin as a calcineurin inhibitor. Target levels for immunosuppressive drugs have been higher for recipients of an additional pancreas transplant compared with those receiving a single kidney.
To look at change over time, and since some changes in the transplant protocol coincided roughly with the year 2000, we divided the study population into an early era (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) and a recent era (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) .
Statistical analysis Demographic data were summarised and grouped by mode of treatment. Continuous variables are reported as the mean ± SD or median (interquartile range [IQR]) depending on normality fit. Categorical data are described using frequencies. Student's t test for independent samples or the Mann-Whitney U (Wilcoxon) test was used to compare continuous variables, as appropriate. Categorical variables were compared using Pearson χ 2 test (Fisher's exact test was applied if the number of observations per cell was fewer than five). Kaplan-Meier curves were used to construct probability of no all-cause and cardiovascular disease (CVD)-and CAD-related deaths. Cox proportional hazards models were used to calculate unadjusted and adjusted HRs for allcause and CVD-and CAD-related deaths in relation to treatment modality. The association between the type of treatment and mortality was then assessed after adjustment for recipient age, sex, duration of diabetes, number of antihypertensive drugs, aspirin and statin use, cardiovascular comorbidity, smoking habits, duration of dialysis, donor age and transplant era (early and recent). Several levels of multivariate adjustment were used for all-cause and CVD-and CAD-related mortality analyses: a univariate analysis including transplant type alone; a partly adjusted analysis (model 1) including transplant type and recipient and transplant factors; and finally a fully adjusted analysis (model 2) including transplant type and recipient, transplant and donor factors. The proportional hazards assumption was tested by graphical checks [23] . Smoking was the only variable with missing data (9%); the main survival analyses were performed after replacing missing data for smoking using multiple imputations. Missing values were estimated based on known covariates and outcome variables, and 20 sets were created and pooled for analysis. Cox regression analyses were also repeated after exclusion of data for smoking, which did not change our results. All reported p values were two-tailed; p values <0.05 were considered significant. Statistical analyses were conducted using IBM SPSS Statistics for Windows, version 21 (IBM, Armonk, NY, USA) or Stata version 13.0 (StataCorp LP, College Station, TX, USA).
Results
All-cause and CVD-and CAD-related mortality Characteristics of the study population are presented in Table 1 . The median follow-up time after transplantation was 7.9 years (IQR 4.3, 12.9), with a maximum follow-up time of 30.6 years. All-cause and cause-specific deaths were analysed by transplant type (Table 2 ). There were 228 (SPK, n = 100; LDK, n = 128) deaths from all causes, of which 136 (60%) (SPK, n = 57 (Table 3) and CAD-related (Table 5 ) mortality in SPK recipients were 0.76 (0.57, 1.03; p = 0.074) and 0.66 (0.41, 1.06; p = 0.084), respectively, using LDK recipients as reference. CVD-related deaths (Table 4) 
Discussion
In recipients with type 1 diabetes and ESRD we observed that normoglycaemia, as achieved by successful SPK transplantation, was associated with reduced long-term cardiovascular mortality when compared with recipients of an LDK. In addition, reduced cardiovascular mortality was seen in patients who received their grafts from the year 2000 and beyond compared with those transplanted in the early era (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) .
In general, survival of SPK recipients is higher than survival of recipients of deceased donor KTA [24] [25] [26] [27] [28] [29] [30] . However, whether long-term morbidity and survival are better in SPK patients than in LDK patients is still debated. Studies with a Data are presented as frequencies (%) Fig. 1 Kaplan-Meier estimates of probability of no all-cause death, grouped by treatment modality (p < 0.001). SPK, solid line; LDK, dotted line . Studies with follow-up time of more than 10 years after transplantation, however, show trends towards improved outcomes among SPK compared with LDK recipients [9, 11, 14, 15, 28] . Kidney transplant recipients have multiple risk factors affecting long-term outcome. In most studies the death-specific causes have not been examined or presented. Since CVD, and particularly ischaemic heart disease, is the leading cause of death in type 1 diabetic patients with ESRD, these specific causes of death may be appropriate endpoints to study in relation to SPK transplantation. There are very few studies that have actually assessed cardiovascular outcomes comparing SPK with KTA. In a small study, Biesenbach et al [32] showed a reduction in risk factors for the development of macroangiopathy but failure to halt progression of macrovascular diseases (CAD, CBVD and PAD) in 11 SPK recipients compared with ten KTA (kidneys from deceased donors) recipients with at least 2 year functioning grafts and a follow-up time of nearly 6 years. However, later on and with a longer follow-up time, the same group showed that the progression of macrovascular diseases was significantly lower in recipients with a functioning SPK graft compared with KTA recipients [33] . Jukema et al [34] compared progression of atherosclerosis (measured by mean-segment diameter loss on coronary angiography) in 26 patients with and six patients without a functioning pancreas after SPK transplantation. Mean follow-up time was 3.9 years. They concluded that progression of atherosclerosis in patients with successful SPK transplantation was reduced compared with recipients with pancreas graft failure. If the progression of macrovascular disease in these studies later translates into cardiac events and increased mortality it would be consistent with our findings. The only study addressing cardiovascular mortality is one that showed a significant reduction in cardiovascular mortality when 130 SPK recipients were compared with 25 patients (originally enrolled on a waiting list for SPK transplantation) who received a KTA and were followed for 7 years [24] . Contrary to our study, their comparator group consisted of recipients receiving a single kidney graft from a deceased donor, which in general is associated with worse outcomes than with an LDK [35] . Thus, our study extends this observation to a benefit of SPK transplantation also when compared with LDK transplantation.
During recent decades there has been substantial improvement in work-up procedures, surgical techniques, immunosuppressive therapy, surveillance and treatment of recipients receiving a kidney transplant. In particular, cardiac assessment and primary as well as secondary prevention of CAD might have improved outcomes. For SPK transplantation, the surgical technique has improved substantially with time, but surgical complications still cause a considerable rate of pancreas graft loss during the first weeks post transplant. Early losses of Obviously it is difficult to adjust for all these changes over time by analysing smaller sub-cohorts, due to loss of statistical power to reveal differences between groups. We therefore analysed the so-called 'vintage effect' by comparing the recipients in an early (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) ) and a recent era (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Recipients who received their grafts in the early era between 1983 and 1999 had higher all-cause, CVD-and CAD-related mortality compared with the recent era 2000-2012. This is consistent with improvements in care, as mentioned above. It may also reflect an improvement in cardiovascular work-up, including mandatory coronary angiography for patients with type 1 diabetes prior to transplantation from 1999 and onwards.
The SPK transplant procedure is associated with a higher risk of surgical complications leading to graft loss when compared with LDK transplantation. A pancreas graft loss is inversely associated with long-term survival. As shown by Weiss et al [13] , Morath et al [14] and Salvalaggio et al [36] , success of dual transplantation (SPK) depends on a long-term functioning pancreas graft. This is consistent with our findings of lower mortality in SPK recipients with a functioning pancreas graft 1 year post transplant compared with those recipients with a failing pancreas graft 1 year post transplant.
The differences in recipient and donor ages between the two groups may introduce a bias. According to our transplantation protocol, recipients offered an SPK transplantation must be less than 55 years of age, but there is no formal upper age limit for KTA. In addition, younger deceased donors are used for SPK grafts. An age bias is therefore unavoidable both for donors and recipients. To try to overcome this, one could analyse outcome of a subgroup of SPK and LDK recipients by age at the time of transplantation after a test for interaction between age and transplant type. However, the relevance of such a subgroup analysis is hampered by low statistical power. The interaction analysis in our study was non-significant. Thus, no further subgroup analysis was performed. In any case, adjusting for age in the Cox models is an appropriate analysis to address this question.
CVD is common after kidney transplantation and is much higher than in the general population [37] . Immunosuppressive agents (i.e. prednisolone, ciclosporin and tacrolimus) have several detrimental effects on cardiovascular risk, including increased risk of hypertension, hyperlipidaemia and post-transplant diabetes mellitus. At our centre, target levels for calcineurin inhibitors have historically been higher in SPK than in LDK recipients. The cardiovascular effects imposed by this higher immunosuppressive load might have moderated the effect of normoglycaemia in SPK recipients.
Limitations of the present study include its retrospective non-randomised design. Also, the extrapolation of our data to non-white individuals may be questioned. We acknowledge that the CVD benefit in SPK recipients is of borderline significance and might have occurred by chance. The strength of our study is the inclusion of a relatively large number of recipients, experience from a single centre, long follow-up time and the fact that no patient was lost to follow-up.
In conclusion, normoglycaemia, compared with moderate hyperglycaemia, was associated with reduced CVD-related mortality in SPK recipients compared with LDK recipients.
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